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At the cerebellar synapse between the parallel fibers (PFs) and the
Purkinje cells in the cerebellum, we have found that application of
N-methyl-D-aspartate (NMDA) reversibly depresses the postsynap-
tic current. We present evidence that this depression involves
NMDA receptors located on the presynaptic axons and requires
that the NMDA application be combined with action potentials in
the PFs. Unexpectedly, unlike other modulations mediated by
presynaptic receptors, the NMDA-induced inhibition does not in-
volve a depression of transmitter release. Because it is blocked by
both nitric oxide synthase and soluble guanylate cyclase inhibitors,
we propose that it involves a trans-synaptic mechanism in which
NO released by the PFs decreases the glutamate sensitivity of the
Purkinje cell.

A t many synapses transmission is modulated by presynaptic
receptors that can be either metabotropic or ionotropic.

The first ionotropic receptors identified were found to activate
chloride channels, but in recent years evidence has been gath-
ered for presynaptic ionotropic receptors opening cationic chan-
nels (1). Most of the previous claims for the existence of
presynaptic N-methyl-D-aspartate (NMDA) receptors were
based either on observations indicating that antibodies against
either the NR1 or the NR2 subunits label axons or synaptic
boutons (2–8) or on functional studies suggesting a modulation
by NMDA of transmitter release (9–14). However, the charac-
terization of NMDA receptors in presynaptic terminals has been
complicated by the presence of NMDA receptors on the postsyn-
aptic side (at most glutamatergic synapses) as well as on the
somatodendritic compartment of the presynaptic neuron. In
searching for a glutamatergic synapse at which it would be
possible to study putative presynaptic NMDA receptors in
relative isolation we chose the synapse between parallel fibers
(PFs) and Purkinje cells (PCs) in the cerebellar cortex. At this
synapse, immunolabeling has shown the presence on PFs of both
NR1 (3) and NR2 (4) subunits, and after 2 weeks of age there
are no functional NMDA receptors on the postsynaptic cell
(15–17). Furthermore, the well-defined organization of the
cerebellar cortex permits the stimulation of a homogeneous set
of glutamatergic axons and the study of the synapse PF-PC with
minimal interference from the somatodendritic receptors of the
presynaptic granule cells. The starting point of our study was the
observation that application of NMDA on cerebellar slices
depresses the PF-PC excitatory postsynaptic current (EPSC).
The analysis of this effect leads us to conclude that the NMDA
receptors involved were those situated on the PFs.

Methods
Thin transverse cerebellar slices (300 mm) were prepared fol-
lowing the method described by Llano et al. (16) from Wistar rats
(aged 18–26 days). Slices were visualized by using a 340
water-immersion objective (0.75 NA, Axioskop, Carl Zeiss) and
infrared optics (illumination filter 750 6 50 nm; Sony charge-
coupled device camera).

All experiments were performed at room temperature (18–
24°C). The recording chamber was continuously perfused at a

rate of 1.5 mlymin with a solution containing: 125 mM NaCl, 2.5
mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1.25 mM NaH2PO4, 26 mM
NaHCO3, 25 mM glucose, bubbled with 95% O2 and 5% CO2
(pH 7.4). Unless otherwise stated, strychnine (1 mM) and
gabazine (20 mM) were added to the bath solution to block fast
inhibitory transmission.

Patch pipettes had a resistance of 3–4.5 MV in solution. PCs
were voltage-clamped at 270 mV in the whole-cell configura-
tion. The internal solution contained: 120 mM CsOH, 100 mM
D-gluconic acid, 20 mM tetraethylammonium-Cl, 10 mM Hepes,
5 mM QX314, 10 mM EGTA, 1 mM 1,2-bis(2-aminophe-
noxy)ethane-N,N,N9,N9-tetraacetate (BAPTA), 1 mM CaCl2, 5
mM MgCl2, pH adjusted to 7.2 with CsOH. Series resistance was
kept between 4 and 12 MV; compensation was 95–98% (Axo-
patch 200B). Field recordings were performed with a patch
pipette of 1–2 MV filled with Hepes-buffered saline and placed
on the stimulated PF bundle. PCLAMP6 software (Axon Instru-
ments, Foster City, CA) was used for data acquisition and
analysis. Whole-cell recordings were filtered at 2 KHz and
digitized at 10 KHz; field recordings were filtered at 10 KHz and
digitized at 50 KHz.

PFs were stimulated every 20 s by means of a patch pipette
filled with Hepes-buffered saline. The stimulation electrode was
placed on the surface of the molecular layer at a distance of
100–500 mm from the recorded PC. Each stimulation consisted
of a pair of brief pulses separated by 100 ms. Stimulation
intensity was fixed (between 3 and 15 V; 30–150 ms) at the
beginning of the experiment and, unless otherwise stated, re-
mained unchanged during the experiment. In double stimulation
experiments, stimulation pipettes were placed at a distance of at
least 80 mm to stimulate independent axon bundles. The decay
time constants of evoked synaptic currents varied from 4 to 15
ms. Stimulations in the lower part of the molecular layer
produced the fastest EPSCs. To evaluate the strength of the
synapse we measured the charge transferred during an 80-ms
period after the stimulation. This index is less sensitive than the
EPSC amplitude to the slight changes of access resistance that
can occur during prolonged recordings.

NMDA, D-2-amino-5-phosphonovaleric acid (APV), 2,3-
dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxaline (NBQX),
7-chlorokynurenate, ACPT-II, N(G)nitro-L-arginine methyl
ester (L-NAME), and 1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-
one (ODQ) were purchased from Tocris Cookson, Bristol, U.K.

Abbreviations: NMDA, N-methyl-D-aspartate; PF, parallel fiber; PC, Purkinje cell; EPSC,
excitatory postsynaptic current; BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,N,N9,N9-
tetraacetate; APV, 2-amino-5-phosphonovaleric acid; L-NAME, N(G)nitro-L-arginine methyl
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dipropylxanthine; PPF, paired pulse facilitation; NOS, NO synthase.
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8-Cyclopentyl-1,3-dipropylxanthine (DPCPX) and gabazine
were from Research Biochemicals, QX314 from Alomone labs
(Jerusalem, Israel), and EGTA-AM and BAPTA-AM from
Molecular Probes. CGP55845A was kindly provided by Novartis.
All other chemicals were from Sigma.

Results and Discussion
NMDA Receptor Activation Depresses the PF-PC Synapse. We used
the whole-cell configuration of the patch-clamp technique to
record the EPSCs evoked in PCs by stimulation of the PFs in
transverse slices of the rat cerebellum (Fig. 1a). When NMDA
(30 mM) and glycine (10 mM) were coapplied to the bath (in the
presence of 1 mM external Mg21) the amplitude of the evoked
EPSCs was reduced (Fig. 1b). After a few minutes this depression
reached a maximum (42 6 2%; n 5 27). The depression was
entirely reversible on washing of the agonists. EPSC kinetics
remained unchanged (see Fig. 1d).

No presynaptic changes could be detected. Application of
NMDA and glycine did not change the amplitude of the pre-
synaptic volley recorded extracellularly (99 6 2% of control
value, n 5 3), indicating that the stimulation excites the same
number of PFs before, during, and after NMDA application (Fig.
1c). Each stimulus consisted of a pair of pulses separated by 100
ms. The second of the two successive EPSCs was always larger
than the first, indicating the presence of paired pulse facilitation
(PPF). PPF was characterized at this synapse by Atluri and
Regehr (18) and is correlated with the residual Ca21 transient in

the PF after the first action potential. Because it is altered by
presynaptic modulators affecting transmitter release (19, 20), we
routinely measured it to monitor possible changes in glutamate
release. PPF remained unchanged during the NMDA-induced
depression (2.1 6 0.1 vs. 2.0 6 0.1 control ratio, n 5 23; see Fig.
1d). This finding suggests that the presynaptic Ca21 concentra-
tions influencing transmitter release were not altered by NMDA.

The NMDA-induced depression showed a typical NMDA
receptor pharmacology (Fig. 2a). A detectable response could be
induced with concentrations of NMDA as low as 10 mM, and 50
mM NMDA reduced the EPSC by more than a half. The NMDA
effect was sensitive to the competitive antagonist of the gluta-
mate site D-APV (50 mM). NMDA was unable to depress the
PF-PC EPSC in the presence of a saturating concentration (33
mM) of a competitive antagonist of the NMDA receptor glycine
site, 7-chlorokynurenate, and this block was reversed by 100 mM
glycine. The NMDA-induced depression was reduced to 7 6 4%
(n 5 4) in a solution containing 5 mM Mg21 and reappeared as
soon as the external Mg21 concentration was returned to 1 mM
(Fig. 2b).

Presynaptic Location of the NMDA Receptors Responsible for the
Synaptic Depression. The depression of the PF-PC synapse in-
duced by NMDA does not depend on postsynaptic NMDA
receptors located in PCs. Functional NMDA receptors have
been reported to disappear from the PC after 2 weeks of age (15,
16) and indeed, no current was evoked in the PC by the bath

Fig. 1. Inhibition of synaptic transmission by NMDA receptors. (a) Schematic representation of a cerebellar cortex transverse slice showing the relative positions
of recording and stimulating electrodes. ML: molecular layer; PCL: PC layer. (b) Effect of 30 mM NMDA 1 10 mM glycine on EPSC total charge. Paired first and
second pulses are represented by E and F, respectively. (c) Simultaneous recordings of presynaptic volley and evoked EPSC in control conditions, after 10 min
of 30 mM NMDA 1 10 mM glycine and 20 min after drug washout (recovery). (d) PPF and EPSC kinetics are not affected. Traces before and during NMDA 1 glycine
application. When the responses were scaled up to the amplitude of the first EPSC (‘‘scaled’’) (control responses: solid line; NMDA 1 gly: dotted line), the second
EPSCs were also superimposable.
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application of up to 50 mM NMDA and 10 mM glycine (in the
presence of gabazine and strychnine) in the 18- to 26-day-old
animals used in our experiments.

The NMDA-induced depression of the PF-PC synapse is not
caused by NMDA receptors located on the soma or the dendrites
of granule cells. The depression could still be observed (35 6
5%; n 5 4) when the NMDA application (50 mM NMDA and 10
mM glycine) was restricted to the molecular layer over the
recorded PC (20 mM D-APV was added to the bath to block the
NMDA receptors not directly exposed to the local NMDA
perfusion).

Interneurons of the molecular layer are active in the slices and
they express NMDA receptors. In various preparations bath-
applied NMDA has been found to induce the release by inter-
neurons of various transmitters modulating glutamate release,
and this possibility had to be considered with particular attention
because recordings made in the PCs during the application of
NMDA showed a marked increase in the frequency of inhibitory

postsynaptic currents, indicating an increased firing of interneu-
rons. Furthermore, the two transmitters that have been found in
other preparations to mediate indirect effects of NMDA, aden-
osine and g-aminobutyric acid (GABA) (21, 22), are present in
the cerebellar cortex and are known to modulate transmitter
release at the PF-PC synapse through GABA-B and adenosine
A1 receptors (20, 23). We therefore tested the effect of NMDA
in the presence of potent and specific inhibitors of these two
receptors. The NMDA effect was blocked neither by the high-
affinity GABA-B receptor antagonist CGP55845A nor by the
high-affinity adenosine A1 receptor antagonist DPCPX (Fig.
2a). More generally, the presynaptic modulations described in
the literature (20–23) all appear to involve changes in transmitter
release probability, and in the cerebellum they alter PPF (20, 23).
This contrasts with the fact that, as shown in Fig. 1, the
NMDA-induced depression of synaptic strength does not alter
this form of presynaptic plasticity. Inhibition of metabotropic
glutamate receptors by application of 100 mM ACPT-II did not
affect the NMDA-induced depression of the PF-PC synapse.

Nevertheless, we could not immediately exclude the possibility
that the interneurons excited by bath applied NMDA release
unidentified mediators (other than adenosine or g-aminobutyric
acid) able to act on the PFs or PCs. We ruled out this possibility
with experiments showing that the application of NMDA is not
itself sufficient to depress the PF-PC synapse, although inter-
neurons are strongly excited. The synaptic depression requires
coincidence of NMDA application with action potentials in the
PFs. In the experiments showing this, two stimulating electrodes
were placed at different heights in the molecular layer and
alternate EPSCs were evoked in the same PC at an interval of
10 s (Fig. 3a). When NMDA was applied, stimulation at one of
the locations was discontinued and the other was maintained.
The depression developed for the EPSC for which the stimula-
tion was maintained and reached 39 6 2% (n 5 6) 10 min after
the beginning of the NMDA application. The stimulation of the
second pathway then was resumed, and it was found that the first
EPSC elicited by this stimulation had not been reduced by the
NMDA application (1 6 8% inhibition; n 5 6). The following
EPSCs evoked by the second pathway then started to decline and
soon reached a level similar to that of the first pathway. We can
conclude that the inhibition requires the conjunction of NMDA
application and PF action potentials.

The simplest explanation of these observations is that in the
absence of action potentials the Mg21 block prevents the open-
ing by NMDA of the PF NMDA receptors. The requirement for
PF action potentials is also consistent with the report by Glitsch
and Marty (13) that at the PF-PC synapse the size of the
spontaneous (miniature) EPSCs is not changed by an NMDA
application. More generally, our observations and those of
Glitsch and Marty indicate that interneurons activated by the
application of NMDA cannot be the source of an unknown
compound that would diffuse through the slice and modulate the
PF-PC synapse. However, a residual hypothesis had to be
considered, namely that the relief of the Mg21 block could occur
on NMDA receptors situated on interneurons contacted by the
active PFs. These interneurons would not be activated by the
application of NMDA alone, but would be depolarized if the
NMDA application combined its effects with the activation of
the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors by the glutamate released by the PF action
potential. The hypothesis appeared somewhat unlikely because
it implies that the interneurons involved should be specifically
associated with the PF-PC synapses activated by the PF stimu-
lation. Nevertheless, we decided to test one of its predictions,
namely that a reduction in glutamate release should interfere
with the NMDA-induced depression of the PF-PC synapse. To
depress transmitter release we loaded the PFs with Ca21 chela-
tors by incubating the whole slice with EGTA-AM or

Fig. 2. Pharmacological characterization of the NMDA-induced depression
of synaptic transmission. (a) Bar chart shows the effects (measured after 10 min
of agonist application) of three different concentrations of NMDA in the
presence of 10 mM glycine; 30 mM NMDA 1 10 mM glycine in the presence of
50 mM D-APV; 30 mM NMDA with or without 100 mM glycine in the presence
of 33 mM 7-chlorokynurenate; 30 mM NMDA 1 10 mM glycine in the presence
or the absence of 200 nM DPCPX, 5 mM CGP55845A, or 100 mM ACPT-II. Data
represent mean 6 SEM of n experiments (numbers in parentheses). (b) The
NMDA-induced depression was sensitive to high extracellular Mg21 (5 mM)
and reappeared as soon as the Mg21 concentration was returned to 1 mM.
Paired first and second pulses are represented by E and F, respectively. The
arrow indicates a decrease in stimulation strength to obtain EPSCs of similar
amplitude.
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BAPTA-AM (50 mM, 5 min). After treatment of the slice with
EGTA-AM the EPSC was substantially depressed (50 6 9%)
and the PPF disappeared (from 2.0 6 0.1 to 1.1 6 0.1; n 5 3).
Nevertheless, the NMDA-induced depression remained essen-
tially unchanged (44 6 3% with EGTA-AM, control value 44 6
6%; n 5 3). Similar results were obtained with BAPTA-AM
(Fig. 3b).

The effects of membrane-permeable Ca21 chelators, when
considered together with the fact that the NMDA-induced
depression requires PF action potentials, strongly support the
claim that the NMDA receptors involved in the PF-PC synaptic
depression are those situated on the PFs and not those situated
on the molecular layer interneurons.

The lack of effect of Ca21 chelators on the NMDA-induced
depression points out the existence of two different Ca21

microdomains, with the Ca21 pathway responsible for transmit-
ter release being more sensitive to chelators than the one
presumably involved in the NMDA-induced depression. This
difference could be accounted for by different distances between
the sites of Ca21 entry and the Ca21 sensors, with NMDA
receptors being closer to their targets than Ca21 channels to
theirs. The hypothesis of two different Ca21 microdomains also
would account for the lack of changes in transmitter release on
NMDA application, as determined from PPF measurements. We
set out to characterize the mechanism of the NMDA-induced
depression, because identification of the Ca21-sensitive detec-
tors involved could provide further information regarding its
Ca21 dependence.

Role of NO in the NMDA-Induced Depression. How does the activa-
tion of presynaptic NMDA receptors lead to a decrease in the
size of the EPSC? Propagation block was not detected (Fig. 1c),
and any depression of transmitter release would be difficult to
reconcile with the absence of changes in the PPF (Fig. 1d). A
postsynaptic expression of the phenomenon thus appeared more
likely, but required a trans-synaptic messenger. In the search for
such a messenger, we took into account reports of the presence
of NO synthase (NOS) in PFs (24), of NO production by these
fibers (25), and of a body of observations suggesting that NO
released by the PFs can activate the soluble guanylate cyclase
(sGC) expressed by the PCs (26, 27) and trigger a postsynaptic
decrease in the glutamate sensitivity of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors. This
trans-synaptic signaling pathway has been most systematically
described in the analysis of cerebellar long-term depression (ref.
28, for a review see ref. 19), but it also is reported to be involved
in a transient depression at this synapse (29). Because Ca21

influx through NMDA receptors is known to activate the NOS
through a Ca-calmodulin complex (ref. 30, and for a review see
ref. 31), we tested the hypothesis that the NMDA-induced
depression of the PF-PC synapse could involve NO. Indeed, after
incubation of the slice with either 1 mM L-NAME (an inhibitor
of the NOS) or 1 mM ODQ (a potent and specific inhibitor of
the sGC), NMDA application was no longer able to depress the
PF-PC synapse (Fig. 3c). These results suggest a sequence of
events in which action potential-dependent unblocking of the PF
NMDA receptors channels would induce a local (and transient)
increase of PF calcium. This Ca21 entry would activate the PFFig. 3. Mechanism of the NMDA-induced depression of synaptic transmis-

sion. (a) Effect of application of 30 mM NMDA 1 10 mM glycine on EPSCs
evoked by two different stimulation electrodes. Stimulation 1 (E) was applied
every 20 s during the whole experiment. Stimulation 2 (F) was applied at the
same frequency but was stopped immediately before agonist application and
resumed 10 min later. EPSC charge is normalized to the mean value of the
period preceding agonist application (stimulation 1: 4.2 pC; stimulation 2: 5.7
pC). Note that as few as 30 action potentials in the presence of NMDA are
sufficient to induce a 50% decrease of the PF EPSC. (b) Reducing glutamate
release by incubating the slice in BAPTA-AM (50 mM, 5 min) reduced the PF-PC
EPSC but did not modify the effect of NMDA. When the responses recorded

after BAPTA-AM treatment and in the absence of NMDA were scaled up to the
amplitude of the control EPSCs (‘‘scaled’’) (control responses: solid line;
BAPTA-AM: dotted line), the responses recorded in the presence of NMDA
scaled by the same factor were also superimposable. (c) Effect of 30 mM NMDA
1 10 mM glycine application on EPSC charge in control conditions (empty bars)
or in the presence of L-NAME (1 mM) or ODQ (1 mM) (hatched bars). Bars
represent means 6 SEM of three experiments.
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NOS, and diffusion of NO to the PC would activate the sGC,
triggering a decrease of the postsynaptic sensitivity to glutamate.

In this model the Ca21 leading to NOS activation enters
through a pathway (NMDA receptors) separate from that used
by the Ca21 leading to transmitter release (voltage-dependent
Ca21 channels). In other systems it has been shown that the NOS
activation involves high-affinity Ca21 binding, probably through
calmodulin (31) whereas transmitter release involves a relatively
lower affinity Ca21 binding (32–34). Despite this difference of
affinities, Ca21 buffering with EGTA-AM or BAPTA-AM did
not affect the NOS-dependent process at concentrations that
reduced by half transmitter release. This observation is in
accordance with reports showing that concentrations of a few
mM of Ca21 chelators substantially reduced transmitter release
(32, 33) but had little effect on processes depending on Ca-cal-
modulin (35, 36). This disparity can be explained by different
distances between the sites of Ca21 entry and the Ca21 sensors,
with NMDA receptors being closer to NOS than Ca21 channels
to the Ca21 sensor for transmitter release. This hypothesis is
supported by the tight and selective coupling between NMDA
receptors and NOS through interactions with some of the
MAGUKs (membrane-associated guanylate kinases) family pro-
teins (30, 31).

If NOS is a relatively high-affinity target for Ca21, could Ca21

entering through voltage-dependent channels diffuse to this site
and depress the synaptic current? This does not seem to be the

case at low frequencies of PF activity, because no depression of
the synaptic current is observed in the absence of NMDA. This
finding suggests that the two pathways of Ca21 entry (NMDA
receptors and voltage-dependent Ca21 channels) lead to two
spatially separated Ca21 ‘‘microdomains’’ (37), which do not
impinge on each other at low frequencies of PF activity. In such
conditions, Ca21 entering through NMDA channels would be
the physiological activator of NOS. This hypothesis does not
exclude that at higher frequencies NOS also may be activated by
an ‘‘internal spillover’’ of Ca21 entering through the voltage-
dependent Ca21 channels (25).

In physiological conditions, the presynaptic NMDA receptors
must be activated by an increase of extracellular glutamate
around the ‘‘active’’ PF varicosities. Such an increase could be
caused by glutamate released from the PF themselves during a
period of repetitive activity, but it also could result from the
reverse activity of the glutamate transporters present in Berg-
mann glial cells (38) or from glutamate released from the PCs
themselves (39, 40). In such cases, the PF-PC synapse could
exhibit plasticity even if active at extremely low frequencies.
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